The Kestrite semiconductor material Cu2ZnSnSe4 (CZTSe) is believed to be a suitable candidate for replacing the CuIn1-xGaxSe2 (CIGS) absorber for the abundance and the non-toxicity of its components. However, the record efficiency of solar cells based on this material reaches 11% which is lower than the conversion efficiency of the CIGS based solar cell for which the efficiency has reached 25%. The aim of this study is to model and optimize the electrical performances of a superstrate type solar cell based on the kestrite material Cu2ZnSn(SxSe1-x)4 (CZTSSe). The goal is to investigate the effect of mixing the sulfide (S) component with selenide (Se) on the conversion efficiency η, band gap Eg open circuit voltage Voc, short circuit current density Jsc, fill factor FF and maximum power density P of the device, through the evaluation of their behavior as a function of the ratio S/(S+Se), which represents the concentration of sulfur in the absorber material CZTSSe. It is also shown in this work, through the calculation of the mismatch strain ε at the interface between the absorber and the buffer layers, that the zinc sulfide (ZnS) is a more appropriate buffer than cadmium sulfide (CdS) for the CZTSSe absorber. The effect of strain at the interface buffer/absorber on the bandgap energy of CZTSSe and then on the cell performances is evaluated. This evaluation is based on the strain theory in order to obtain more realistic results close to experimental results. It is noted that adding 72% of Sulfur in the absorber material, meaning that x=0.72, increases the efficiency to 13.1% therefore an improvement of 21.3% is obtained compared to the efficiency of the CZTSe solar cell with a strain equal to 0 meaning no deformation, Jsc= 15.35mA/cm², Voc= 0.800 V, FF = 74.1% and Pmax=9.45mW/cm².
INTRODUCTION
During the last decade, photovoltaic technology has known a real development in particular the technology of thin films [1] . Several research works have been devoted to solar cells based on cadmium telluride (CdTe) and copper indium gallium selenide (CIGS) which have achieved conversion efficiencies of 22.1% and 22.6% [2] respectively while efficiency for an 841-cm 2 CIGS module fabricated by Solar Frontier was substantially boosted to 19.2% [3] . However, because of difficulties with the supply of indium (In), which is rare metal and gallium (Ga) in addition to their high cost, and the toxicity of cadmium (Cd), it will be important to replace these elements by others, which are abundant in the crust of the Earth, inexpensive and non-toxic to reduce the environmental damage. On the other hand, the challenge currently faced by the future generation of thin film solar cells is to improve efficiency while reducing the cost of manufacturing. In this context, Cu 2 ZnSnS 4 ( CZTS), Cu 2 ZnSnSe 4 (CZTSe) and their alloys Cu 2 ZnSn(S x Se 1-x ) 4 (CZTSSe) of I 2 -II-IV-VI 4 group are considered to be good substitutes for CIGS thin film because of the similarity of their structures, their excellent properties such as a large light absorption surpassing 10 4 cm -1 in visible wavelength region for application of solar cell [4, 5] , optimal direct band gap and the abundance and non-toxicity of all their constituents. The interest focused on this type of materials is increasing continuously, important efforts are centered on research, and development of CZTS, CZTSe and CZTSSe based solar cells, which have become some of the most attractive research projects in recent years. The conversion efficiency of CZTS based solar cells has been improved from 0.66% [6] to the current certified record of 12.6% in 2013 [7] with a 13.8% small-area device reported in 2016 [8] . Several methods of deposition vacuum or not have been experimented for the fabrication of CZTS, CZTSe and CZTSSe thin film absorbers, highly efficient CZTSSe based solar cells have been fabricated by thermal evaporation [9] and reactive sputtering process [10] . Despite the progress achieved in this area of research, the conversion efficiency of devices based on kestrite materials is not competitive with that of CIGS based solar cells. Several causes cited in the literature are at the origin of this low efficiency, such as secondary phase in the bulk and non-favorable alignment of the conduction band at the interface between the CZTSSe absorber and the CdS buffer [11, 12] . In addition, the most important is high defects density in the material as well as small grain size, which cause short diffusion length carriers [13] . Improving efficiency require a good understanding of the influence of basic factors on the cell performances. The purpose of our study is to model and optimize the structure of a superstrate solar cell based on the absorber material CZTSSe. The manufacture of a superstrate type solar cell begins by the deposition of the transparent conductive oxide (TCO) layer on a transparent substrate, then a buffer layer type-n followed by an absorbent layer type-p and finally, a metallically electrode layer is deposited on the top of the absorber [14] . The fabrication of superstrate configuration solar cells has the advantage of low cost and simplifies the step of encapsulation necessary to protect the cells [15] [16] [17] . The cells made in superstrate configuration are typically made with an absorber layer of CdTe that contains cadmium known for its high toxicity. For this reason, it is better to replace the CdTe by a material that does not contain this element. The absorber material used in the present work is CZTSSe where sulfur element was introduced in the composition of the alloy. It was reported that one of the important ways to vary the properties of the absorber material is to introduce a mix of anions in the alloy. The addition of sulfur (S) to the selenide anion (Se) in the material absorber gives the ability to tune the energy band gap from 1 to 1.5 eV by varying the ratio x =S /(S+Se) from 0 to 1. In this simulation the CdS usually used in the structure of the solar cell of substrate-type was replaced by ZnS buffer which is not polluting and which is more absorbent due to its higher band gap. Besides ZnS adheres better than CdS to the CZTSSe material and generates therefore a less significant deformation at the interface between the two layers. In this work the effect of the increase of the ratio x on mismatch strain at the interface between the layers of ZnS and CZTSSe as well as on their band alignment and consequently on the electric performance such as: open circuit voltage V oc , photo generated current density J ph , fill factor FF and efficiency η were investigated. The results obtained will allow understanding the behavior of a cell based on the heterojunction CZTSSe/ZnS in superstrate configuration and optimize the composition of sulfur in the absorber in order to achieve the best efficiency and optimal performance at optimal band gap.
THEORETICAL MODEL
The structure of a solar cell based on the heterojunction CZTSSe/ZnS base in superstrate configuration is represented in figure 1 . The absorption coefficients of the absorber and the buffer layers are calculated using the model of Tauc as follows [18] .
Where α 0 is a constant and E is the photon energy.
The variation of the band gap energy of the CZTSSe as a function of sulfur concentration increase x in the absorber alloy is described in the following equation [19] (
Where b is bowing parameter which equals 0.08 for CZTSSe material.
In the simulation of the density of defects is considered to be affected by sulfur augmentation in the absorber alloy as:
The total photo-generated current density J ph (λ) is the sum of photo-generated currents J n (electron current density of the front region), J p (hole current density of the base region) and J w (current density in the depletion region) [19] .
The total photocurrent density is calculated on the whole range of the solar spectrum as [21] :
Where λ min ,λ max are the minimum wavelength and maximum wavelength of the solar spectrum respectively.
F(λ)is the incident photon flux. EQE(λ) is the external quantum efficiency [22] .
Where q is the electron charge.
The current voltage J(V) characteristic of the solar cell is described by [13] ( ) = ℎ − ( ( ) − 1)
Where K is Boltzman constant, T is the temperature, V is the voltage and n is the ideality factor. = 00 . (8) Where J s is the saturation current [20] and J 00 is a factor which depends on temperature.
Open circuit voltage is expressed as [24] :
The fill factor and the conversion efficiency are respectively [25]:
.
Where J max ,V max are the maximal current density and maximum voltage of solar cell.
The band gap of the strained absorber layer is calculated on the base of the strain theory [16] , it is necessary to know the mismatch strain, which has the following components in the case of, oriented (z-axis) growth [17] .
Where ɛ xx , ɛ yy are the in-plane biaxial strain along the x and y directions and ɛ yy is the out-of-plane strain along the growth z-direction.
Where a b is the lattice parameter of the buffer layer and C 11 , C 12 are the elastic constants and 0 is the lattice constant of the absorber which varies as function of x following the expression underneath:
The conduction band E c of the CZTSSe absorber is shifted by the following energy:
While the light hole and heavy hole valence bands are shifted by:
Where ac, aware the hydrostatic potential deformations of conduction and valence bands respectively and bs is the valence band shear deformation potential.
If the heavy hole sub band is upper than the light hole one that means the CZTSSe layer has a compressive strain. In this case, the strained band gap is expressed as:
However, if the light hole sub band is upper the CZTSSe layer has an extensive strain and the strained band gap is given by: Figure 1 . Simplified scheme, of a solar cell based on the hetero-junction CZTSSe/ZnS with a superstrate configuration. Figure 2 represents the mismatch strain at the epitaxial absorber/buffer interface due to their difference of lattice constants of two different heterojunctions: CdS/CZTSSe and ZnS/CZTSSe as a function of the sulfur concentration x. Concerning the CZTSSe/CdS heterojunction, the value of the strain decreases from -5% up to-7.7% during the change in the concentration of sulfur from 0 which corresponds to the material CZTSe (pure selenium) up to 1 which corresponds to the material (pure sulfur) CZTS. It is noticed that the strain is always negative indicating that the CZTSSe absorber is tensile strained. In addition, the values are very high which indicates that the lattice misfit between the CdS and the CZTSSe is important. While the CdS is replaced by ZnS buffer, a match is obtained between the buffer and the absorber at x = 0.72 for which the strain equals 0. And if x varies from 0 to 0.72 the strain diminishes from 3.7% to 0% where the CZTSSe is compressively strained.
RESULTS and DISCUSSION

Figure 2. Variation of the mismatch strain as a function of concentration of sulfur. For CdS/ CZTSSe and ZnS/ CZTSSe based structures respectively
However, when x varies from 0.72 to 1 the strain falls down to -1.4% and on this range the CZTSSe layer is tensile strained. From this analysis, it is concluded that ZnS corresponds more and gives a better match with the CZTSSe absorber than CdS. In addition, it offers a better opportunity to minimize the deformation at the ZnS/CZTSSe interface by choosing an appropriate concentration of sulfur. In addition, when the buffer is made of CdS in a superstrate CZTSSe solar cell, a diffusion of cadmium into the absorber layer is observed but there is no diffusion of zinc or sulfur in the case of a buffer made of ZnS. However, ZnS deposited by chemical bath deposition contains defects, which are liable to diffuse into the absorber [15] . This problem is overcome by using different methods of fabrication compared to those usually used for a substrate solar cell based on CZTSSe. The variation of the strained absorber band gap energy as sulfur concentration increases is represented in figure 3 and compared with its variation when the strain effect is neglected. The band gap energy concerning the unstrained case changes following the expression (2) from 1.02 to 1.51 eV. While when the effect of strain on bandgap is taken into account, two ranges of concentrations must be discussed: the first one is the range of 0 to 0.72 which concerns the case of compressive strain , the gap on this range is lower than that of the unstrained CZTSSe and varies from 0.94 to 1.39eV. The second is the range of 0.72 to 1 where the strain is extensive and the bandgap is higher than that of the unstrained absorber and varies from 1.39 to 1.66eV.
Figure 3. CZTSSe band gap energy as a function of concentration sulfur. For the structure based on unstrained
ZnS/CZTSSe hetero-junction and for the structure based on strained ZnS/CZTSSe hetero-junction.
The experimental results of [22] are also represented in figure 3 . The offset between experimental and simulated results varies from 0.01 to 0.07 eV when the strain is compressive and from 0 to 0.02 eV when the structure is extensively strained. It is noted that there is a discrepancy above the concentration 0.93 where the offset reaches 0.18eV. Concerning [21] , a good correlation of experimental and simulated results is observed below 0.7 of concentration with an offset varying between 0 and 0.05 eV where the strain is compressive. However above 0.75 of concentration the results begin to diverge and a maximum offset of 0.18 eV at x=1 is noted. The variation of the band gap has a direct influence on the coefficient of absorpion, i.e. in the case where the strain is compressive, and where the gap is lower compared to that of the unstrained absorber, the absorption becomes more advantageous. However, when the strain becomes extensive where the band gap is higher the material becomes less absorbant. See figure 4 . Figure 5 (a) shows the variation of V oc versus x of strained and unstrained absorber respectively. In the case where the effect of strain is neglected, the increase of V oc when the sulfur concentration increases in the absorber CZTSSe material, from 0.623 to 0.858 V is noted. V oc of the strained structure increases as well, but according to the previous variation of strained absorber band gap, V oc is lower compared to that of unstrained structure, varying from 0.59 to 0.80 V on the range of 0 to 0.72 of x, where the strain is compressive and higher, varying from 0.800 V to 0.924 V between 0.72 to 1 of sulfur concentration where the strain is extensive. Compared to the experimental results of [22] depicted also in figure 5(a) . There is a good correlation with simulation results when the structure is compressively strained where the offset between experimental and simulated values varies from 16 to 92 mV except for x=0.5 where the offset reaches 230 mV. Within the range of concentrations where the strain is extensive, a good correlation is noted between x=0.74 and x=0.78, however a divergence is noted above 0.8 of concentration where the offset reaches 202mV. In addition, J sc is higher than that of unstrained CZTSSe on the first range and becomes lower in the second. Figure 5 (c.) represents efficiency as a function of x for the two structures mentioned above. For the unstrained one the efficiency increases as the increase of the concentration of sulfur from 0 to 1 in the CZTSSe absorber material from 11.1% to 13.5% which corresponds to a total increase of 21.62%. But concerning the strained structure an increase of efficiency from 10.8% to 13.1% is noted below 0.72 of concentration where the strain is compressive then starts to decrease below 0.72 down to 12.3%. It is also noticed from the figure that on the range of 0.28 to 0.72 of concentration the efficiency of compressively strained CZTSSe structure is more advantageous than that noted for the unstrained one because of the better absorption on this range. When the effect of strain on device performance is considered, the maximum conversion efficiency of about 13% is obtained on the range of sulfur concentration varying from 0.56 to 0.72, which corresponds to a compressive strain varying from 0.8 to 0%. Figure 6 depicts the characteristics J-V for different values of concentrations x=0.3 and x=0.5 belong to the range where the strain is of the compressive type however x=0.9 and x=1 belong to the range where the strain is extensive. The concentration x=0.72 corresponds to the perfect match between the buffer material ZnS and the absorber material CZTSSe. Compared to the experimental results given by [23] there is a good correlation between them and simulated results for x=0.5 where the offset of V oc is 0V, and that of J sc is about 1.6 mA/cm 2 . However, the experimental results of [13] are close to the simulated curve for x=0.3 where the offset of V oc is 0.06 V, and that of J sc is about 0.01 mA/cm 2 . The experimental curve [24] of CZTSSe based structure at x=0.68 is compared with the simulated curve at x=0.72 which have the closer concentration of sulfur, 2.3 mA/cm 2 and 0.17 V offsets of J sc and V oc were noted respectively. The P-V characteristic is represented in figure 7 . It is shown that the maximum power density increases below x=0.72 when the strain is compressive but decreases above when the strain becomes extensive. A maximum of 9.45 mW/cm 2 is noted at 0.72 where the strain equals 0. The simulation results are summarized in the following Table 1 . It is possible to optimize the concentration of sulfur of the absorber material of the superstrate structure based on strained CZTSSe /ZnS heterojunction. The maximum of 13.1% of efficiency is obtained at the concentration of sulfur of 0.72 where the strain equals 0, E g =1.39eV which matches the maximum of light spectrum, V oc = 0.8V, J sc =15.35mA/cm 2 and P = 9.45mW/cm 2 . Compared to the structure based on CZTSe (pure Selenium)/ZnS a gain of 2.3% of efficiency is noted with an increase of 211.3 mV of V oc , 1.8 mW/cm 2 of maximum power density and 2.7 mA/cm 2 loss of J sc 
CONCLUSION
In this paper, a simulation of superstrate solar cell based on CZTSSe/ZnS was performed. It was demonstrated that ZnS is a more appropriate buffer layer than CdS for the CZTSSe absorber layer since it has the ability to adjust the strain at the ZnS/CZTSSe interface by varying the concentration of Sulfur in the absorber material. The match between ZnS and CZTSSe occurs for 72% of sulfur in the CZTSSe alloy. It was also demonstrated that the mixture of Sulfur with Selenium in the CZTSe material has contributed to vary the electrical device performances. The effect of strain at the interface between the absorber material CZTSSe and ZnS buffer on the band gap energy of the absorber layer and then on the device performance has been investigated as a function of sulfur concentration variation. It has been reported that for x=0.72 which corresponds to a perfect match between buffer and absorber layers where it has been noticed an efficiency of 13.1% with a value of 15.35 mA/cm² of short current density, 0.800V of open circuit voltage, FF of 74.1%, maximum power density of 9.45mW/cm² and no strain. The obtained results are close to the experimental results reported at close concentration of sulfur. In addition, at this concentration value the band gap equals 1.4eV which corresponds to the maximum of sunlight spectrum. The obtained efficiency is better than that noted for ZnS/ (pure CZTSe) structure compared to which 21.30%, 35.82%, 5.12% and 5% improvements in efficiency, V oc , FF and maximum power density have been realized respectively, however 17.91% loss of J sc has been observed.
